Materials & Methods -Experimental
The experiments were conducted in a contamination-free ultrahigh vacuum chamber with a base pressure 8 × 10 11 Torr, which was rendered using a magnetically suspended turbo molecular pump (Osaka TG420 MCAB) backed by an oil-free scroll pump (Anest Iwata ISP-500). 1 Within the chamber, a silver mirror substrate is interfaced to a cold head (Sumitomo Heavy Industries, RDK-415E), which is connected to a closed cycle helium compressor capable of reaching 5.0 ± 0.1 K. By utilizing a doubly differentially pumped rotational feedthrough (Thermionics Vacuum Products, RNN-600/FA/ MCO) the substrate is able to be rotated in the horizontal plane; utilizing an UHV compatible bellow (McAllister, BLT106) the substrate can be translated in the vertical plane as well. The gas mixture was prepared in a gas mixing chamber by the sequential addition of 10 mbar of phosphine (PH3, Sigma-Aldrich, 99.9995%;) and 100 mbar of carbon dioxide (CO2, Airgas, 99.999%; 13 CO2, Aldrich, 99% 13 C; C 18 O2, Aldrich, 95% 18 O).
The premixed gases were then deposited to the silver wafer at 5 K via a precision leak value and glass capillary array for 15 min at a pressure of 2 × 10  Torr in the main chamber. The thickness of the ice was determined in situ via laser interferometry with one helium-neon (He-Ne) laser operating at 632.8 nm. 2 The light from the laser was reflected at angles of 4° relative to the ice surface normal. Considering the ratio of phosphine (PH3) and carbon dioxide (CO2) (1:10; see below) and the refractive indexes of pure phosphine (PH3, nPH 3 = 1.51 ± 0.04) and carbon dioxide (nCO 2 = 1.27 ± 0.02) ices 2, 3 , the ice thickness was determined to 830 ± 50 nm.
The deposited ice was then monitored via a Fourier Transform Infrared (FTIR) spectrometer (Nicolet 6700) from 6,000-500 cm −1 and a resolution of 4 cm −1 . Fig. S1 (a) depicts the IR spectrum of phosphine (PH3) and carbon dioxide (CO2) ice. Vibrational assignments were compiled in Table S1 . Based on the integrated areas along with absorption coefficients of 1. CO2), 1103 cm 1 (ν4, PH3), and 987 cm 1 (ν2, PH3) bands, respectively, the relative abundance of phosphine (PH3) and carbon dioxide (CO2) was determined to be nominally 1:10, 2, 3 which matches the gas phase ratio. Furthermore, the absorptions of carbon dioxide (CO2) at 3699 cm 1 (ν1 + ν3) and 3594 cm 1 (2ν2 + ν3) are red shifted from that of pure carbon dioxide (CO2) ice ( Fig. S1(b) ), which probably due to the complexation effect of carbon dioxide (CO2) and phosphine (PH3), e.g., redistribution of the partial atomic charges and change of the bond orders.
The ices were then isothermally irradiated at 5.0 ± 0.1 K with 5 keV electrons from a Specs EQ 22-35 electron gun at nominal beam current of 0 nA (blank), 100 nA. The electrons were introduced at an angle of 70° relative to the target surface and expanded to cover the ice area (1.0 ± 0.1 cm  ). Monte Carlo simulations (Casino 2.42) 4 were exploited to model the electron trajectories and energy transfer inside the ices. Considering the densities of phosphine (PH3, 0.90 g cm −3 ) 2 and carbon dioxide (CO2, 1.11 g cm −3 ), 3 the average and maximum penetration depths of the 5 keV electrons were calculated to be 300 ± 40 and 700 ± 80 nm, respectively, which are less than the thickness of the deposited ice mixtures of 830 ± 50 nm ensuring negligible interaction between the substrate and the electrons. The averaged dose was calculated to be 2.8 ± 0.6 per molecule. During the irradiation, IR spectra of the ices were continuously measured every 2 minutes. New absorptions at 2284 cm 1 (P2H4), 2 2137 cm 1 (CO, 2137 cm 1 ), 3 and 2092 cm 1 ( 13 CO) 3 were identified in the IR spectrum of the 100 nA irradiated phosphine (PH3) and carbon dioxide (CO2) ice. The most intense absorptions of phosphino formic acid (H2PCOOH), e.g., 1101, 1131, and 1790 cm 1 , were not found in the spectrum since FTIR is relatively insensitive compared to PI-ReTOF-MS by at least four orders of magnitude, 5 and the present low dose experiment was designed to initiate only the initial reactions in the carbon dioxidephosphine ices and hence to exclude the formation of higher phosphanes.
After the irradiation, the ices were heated at a rate of 1 K min 1 to 320 K while any subliming molecules were detected using a reflectron time-of-flight (ReTOF) mass spectrometer (Jordon TOF Products, Inc.) with single photon ionization. 1 This photoionization process utilizes difference four wave mixing to produce vacuum ultraviolet light (ωvuv = 2ω1 -ω2). The experiments were performed with 10.86 eV photoionization energy and repeated at 9.60 eV to distinguish between the isomers of the phosphino formic acid (H2PCOOH). To produce 10.86 eV, the second harmonic (532 nm) of a pulsed neodymium-doped yttrium aluminum garnet laser processes (2ω1 + ω2; 2ω1  ω2; 3ω1; 3ω2)) using a lithium fluoride (LiF) biconvex lens (ISP Optics) and directed 2 mm above the sample to ionize subliming molecules. The ionized molecules were mass analyzed with the ReTOF mass spectrometer where the arrival time to a multichannel plate is based on mass-to-charge ratios, and the signal was amplified with a fast preamplifier (Ortec 9305) and recorded with a personal computer multichannel scalar (FAST ComTec, P7888-1 E), which is triggered via the pulse delay generator at 30 Hz. Here the ReTOF signal is the average of 3600 sweeps of the mass spectrum in 4 ns bin widths, which corresponds to an increase in the substrate temperature of 2 K between the ReTOF data points.
Materials and Methods -Theoretical
The geometries of phosphino formic acid (H2PCOOH) and carbamic acid (H2NCOOH) isomers are optimized by the hybrid density functional B3LYP 6-9 with the cc-pVTZ basis set and the harmonic frequencies obtained (Tables S2 and S3 ). The corresponding coupled cluster [10] [11] [12] [13] CCSD(T)/cc-pVDZ, CCSD(T)/ccpVTZ, and CCSD(T)/cc-pVQZ energies are calculated and extrapolated to completed basis set limits, 14 CCSD(T)/CBS, with B3LYP/cc-pVTZ zero-point energy corrections. Likewise, the species along the phosphino formic acid (H2PCOOH) and carbamic acid (H2NCOOH) decomposition pathways are predicted at the same level of theory (Tables S4 and S5 ). The energies are expected to be accurate within 0.08 eV. 15 The adiabatic ionization energies are computed by taking the energy difference between the neutral and ionic species that correspond to similar conformation. The adiabatic ionization energies at this level of calculations (B3LYP/cc-pVTZ//CCSD(T)/CBS) are expected to be accurate within  0.05 eV. 16 The GAUSSIAN09 program 17 was utilized in the electronic structure calculations. (b) Infrared spectra in the range of 3800 3500 cm 1 of phosphine (PH3)carbon dioxide ice (CO2) (red) and pure carbon dioxide (CO2) ice (black). 
